Ion beam assisted deposition (IBAD) allows a biaxial texturing of oxide layers on polycrystalline or amorphous substrates. Even the best layers still contain an in-plane angular spread of about 4
Ion beam assisted deposition (IBAD) allows a biaxial texturing of oxide layers on polycrystalline or amorphous substrates. Even the best layers still contain an in-plane angular spread of about 4 . We report here a method to grow Ir films on top of these oxide layers with a factor of 5 lower misorientation. It is shown that the huge texture improvement involves a massive realignment of the iridium islands and an orientation averaging process. Heteroepitaxial diamond was successfully deposited on the Ir/IBAD-MgO multilayer stacks. The described texture improvement by iridium layers provides a general concept towards single crystal growth on arbitrary substrates. [DOI: 10.1143/JJAP.47.8925] KEYWORDS: ion beam assisted deposition, biaxial texture, single crystals, heteroepitaxy, X-ray diffraction, MgO, iridium, diamond
High quality functional materials often require a single crystal structure in order to guarantee the ultimate device performance. Growth of bulk single crystals, e.g., in the case of silicon by the Czochralski method, can provide samples with minimum defect densities. However, in some cases, e.g., GaN 1, 2) or diamond, 3) the problem of producing bulk single crystals of high quality and adequate size has not been solved yet. As a viable alternative, heteroepitaxy using foreign materials as substrates is chosen.
The selection of an appropriate single crystal substrate for heteroepitaxy comprises properties like chemical compatibility, lattice misfit, thermal stability, and availability in appropriate size and crystalline quality. In addition, for the stability of the film/substrate stack the misfit in the coefficients of thermal expansion (CTE) plays a crucial role. The decision for a specific substrate always means a compromise between different requirements.
Currently, in the field of high T c superconductors, development of YBa 2 Cu 3 O 7Àx (YBCO) coated conductors is a big challenge. The maximum values of the critical current density is obtained in c-axis oriented films with a minimum azimuthal misorientation in which the weak links due to large angle grain boundaries are avoided.
4) The narrow texture required for the high T c superconductor oxide films on polycrystalline steel tapes can be obtained by the use of biaxially textured buffer layers. These buffer layers (e.g., MgO) are grown mainly by ion beam assisted deposition (IBAD). 5) In spite of intensive work in the field of biaxially texturing by IBAD, up to now all films remained polycrystalline with an in-plane angular spread of several degrees. Single crystal layers have never been achieved.
In this work we show that the gap towards single crystals may be bridged by the use of iridium metal films. A method is presented which allows to use IBAD textured oxide layers with an in-plane spread of 4 as a template for the growth of iridium films on top with a full width at half maximum (FWHM) for tilt and twist down to 0.5 and 0.9 , respectively. This paradox of low mosaicity metal layers grown on oxide films with much higher angular spread is resolved by a mechanism that involves orientation averaging accompanied by a massive reorientation of the metal islands in the coalescence stage of the films. Since iridium is an interesting growth substrate for oxide functional layers and diamond, the present work provides a general concept towards single crystal layers on arbitrary substrates.
For practical reasons we used silicon pieces as support. In a first step, 10 nm thick amorphous yttria layers were deposited by ion beam deposition at room temperature to ensure that there is no transfer of epitaxial information from the Si single crystal. IBAD was then used to grow 10 nm thick biaxially textured MgO films on top using a 45 off normal, 700 eV, Ar+ ion-assist beam to bombard the MgO during the film deposition. The IBAD MgO films were coated with additional 90 nm of homoepitaxial MgO sputter deposited at 600 C. Next, 150 nm iridium were grown by e-beam evaporation in a two-step process: the first 20 nm were deposited at a rate of 0.004 nm/s followed by a step at 0.05 nm/s using a substrate temperature of 650 C. In order to evaluate the potential of the Ir/IBAD-MgO samples as growth substrates for epitaxial functional materials we studied the deposition of diamond. The diamond layers were nucleated by the bias enhanced nucleation procedure (BEN) in a microwave plasma chemical vapor deposition (MWPCVD) setup at 800 C, a bias voltage of À270 V with 7% CH 4 in H 2 . For the subsequent growth up to a thickness of 8 mm standard process parameters were applied as published earlier. with respect to the underlying Si. This confirms unequivocally that the biaxial alignment stems from the ion texturing in the IBAD process and that there is no transfer of epitaxial information from the single crystal Si substrate.
The higher sharpness of the pole density maxima in the Ir X-ray pole figure already indicates a significantly better alignment than for the underlying MgO template. High resolution polar and azimuthal scans for the oxide and the metal layer are plotted in Fig. 2 . The FWHM of the MgO(002) rocking curve and the MgO(111) azimuthal scan are 1.57 and 4.2 , respectively. Taking into account the contribution of the polar spread to the broadening of the '-scan 7) yields an in-plane angular spread (twist) of 4.05 which documents that the present MgO films reflect the state-of-the-art in biaxially textured layers formed by IBAD. 8 ) Surprisingly, the angular spread of the Ir layer grown on top is very much lower (0.58 for tilt and 0.90 for twist).
A similar effect has recently been reported for the growth of single crystal Ir films on heteroepitaxial oxide buffer layers with a mosaic spread of typically 1-2 .
9) The present work shows that the texture narrowing effect of the iridium films can also be observed during growth on IBAD textured oxide templates in spite of their significantly broader orientation distribution of more than 4 . Texture improvement is a common phenomenon during growth of thin films. A rather basic geometric model was successfully applied to describe the texture development in many thin film systems.
10) The elementary mechanism consists in the mutual overgrowth of neighbouring grains with slightly different orientation in which crystals with less favourable orientation are overgrown and buried in the film. More refined models for epitaxial layers discuss the merging of individual grains to form single crystals by substitution of the initially present grain boundaries by disclinations. 11, 12) For diamond and many other systems this results in a layered structure of the films in which the mosaic spread continuously varies from a maximum close to the interface towards its minimum at the growth surface. 13) The abrupt step in crystal quality between the high mosaicity oxide and the heteroepitaxial iridium layers on top cannot be rationalized exclusively by these mechanisms. To study it in more detail we used the high mosaicity yttria stabilized zirconia (YSZ) oxide layers on Si(001) as described in former work 9) and monitored the texture development for the Ir during the first 20 nm. Finally, the $20-nm-thick metal layer was progressively etched back by sputtering with 200 eV argon ions.
Figures 3(a) and 3(b) show the change in tilt and twist with increasing film thickness and subsequent etching, respectively. The nominal film thicknesses were deduced from the iridium coverage as determined by Rutherford backscattering spectrometry (RBS). After 1 nm growth the FWHMs for tilt and twist are 4.7 and 1.95
. As expected both values are significantly higher than for the oxide buffer layer. With increasing film thickness, however, they rapidly drop below the oxide reference values. During back etching the tilt and twist values stay nearly constant down to the lowest thickness of 1 nm. Thus, the texture improvement during the first stage of growth involves the whole film volume which is only possible by a massive recrystallization and reorientation of the metal islands.
Iridium film growth starts in a Volmer Weber type growth mode. Isolated small islands align themselves to the subjacent template layer. In this stage their angular spread reflects that of the template, i.e., the FHWM of the orientation distribution is at least as high as that of the underlying oxide. During the following lateral growth the grains come in contact and start to coalesce. Scanning electron microscopy (SEM) studies of the film during the low-deposition rate step indicate an evolution of the morphology according to the liquid-like-coalescence mechanism (LLC). 14) To explain the present paradox of narrower angular spread in the overlayer than in the oxide below we consider the distribution of the twist angles which can be well described by a normal (Gaussian) distribution. During coalescence of the metal islands the number of grains decreases and it is reasonable to assume that a merged island adopts an intermediate orientation between that of the two formerly isolated grains. Stochastic considerations show 15) that this causes a continuous decrease of the angular spread. Thus, texture narrowing during film coalescence is a stochastic process only controlled by interactions within the ensemble of oriented Ir islands working independently of the underlying substrate.
As recently shown, high quality iridium films represent technologically interesting templates for the growth of different functional oxides, like SrTiO 3 and ZnO, 9, 16) and diamond. 17) We used diamond to demonstrate the growth of epitaxial diamond layers on the stack Ir/IBAD-MgO. Figures 4(a) and 4(b) show 0.8 and 8-mm-thick diamond layers nucleated by a 45-min BEN treatment and grown for 2 and 20 h, respectively. At the surface of the thinner film well aligned diamond grains can be distinguished. In the thick layer coalescence has proceeded so that no individual grains can be seen any more. With tilt and twist values of 0.88 and 4.13 they are comparable to the best values of heteroepitaxial diamond films nucleated directly on silicon.
7)
The present Ir layers on IBAD-MgO were grown using the former parameters optimized for YSZ/Si. Extended systematic parameter studies should allow a significant further improvement in mosaic spread for the Ir layers. For functional layers which are incompatible with Ir an additional oxide can be grown on top as it has been shown recently. 9) IBAD-MgO can be deposited on amorphous, polycrystalline or single crystal substrates, provided that they are chemically and thermally stable. The problem of chemical incompatibility can be solved by appropriate buffer layers. Thus, the present concept offers the option to select or prepare a specific substrate with optimized properties -e.g., a close fit in CTE -and to use it as a growth substrate for the deposition of single crystal functional layers.
